Background and aims
The aberrant immune responses play a critical role in the pathogenesis of myocarditis. Vitamin D receptor (VDR) has immune regulatory functions. This study aims to investigate the role of VDR in restricting the immune inflammation in the heart. 
Methods and results
The human heart samples were obtained from the heart transplantation. T helper (Th)2 and Th1 responses in the heart tissue were characterized by histology and immune assay. VDR -/-mice and recombination activating gene 2 -/-mice were used in the experiments to test the role of VDR in maintaining the homeostasis in the heart. The results showed that, besides tissue damage, lower expression of VDR, high frequency of Th2 cells and increase in Th2 cytokines in the hearts of patients with myocarditis at the end stage of heart failure. The spontaneous Th2-biased inflammation was observed in the hearts of VDR -/-mice. CD4 þ T cells from the VDR -/-mouse hearts were at highly activat- 
Introduction
Myocarditis is defined as an inflammatory disease of heart tissues and is an important cause of heart failure, sudden death and dilated cardiomyopathy. Viruses account for most cases of myocarditis or inflammatory cardiomyopathy, which may induce an immune response causing inflammation even when the pathogen has been removed. Other etiologic agents responsible for myocarditis include drugs and toxic substances. 1, 2 Reports from autopsies indicate about 20% myocarditis was found in patients of sudden death. Routine autopsies found 1-9% patients had evidence of myocarditis. 3 Myocarditis may also be caused by autoimmune conditions or bacterial infection. 4, 5 Yet, the pathogenesis of myocarditis is to be further investigated.
The common inflammatory features of myocarditis can be a predominance of T helper (Th)1 6 or Th2 7, 8 or Th17 polarization 9 cellular subset in the heart. Thus, myocarditis may be featured as high frequency of Th1 cells, or Th2 cells, or Th17 cells, in the heart tissue, as well as the high levels of Th1 cytokines [such as interferon (IFN)-c and tumor necrosis factor (TNF)] or high levels of Th2 cytokines (such as IL-4, IL-5 and IL-13), or high levels of IL-17, in heart tissue. The overproduction of proinflammatory cytokines may cause heart cell injury, 6, 7, 9 such as TNF can induce cell apoptosis 10 and IL-13 can modulate the epigenetic aspect of cell activities. 11 Although the research in this area advanced rapidly in the past decades, the regulatory mechanism of the immune responses in myocarditis is not fully understood.
Published data indicate that vitamin D (VitD) is associated with immune regulation. 12 The essential roles of VitD include facilitating the absorption of calcium and involving in the bone metabolism. In the recent years, it has been found that VitD is also a regulator of immune activities, 12 VitD-deficiency or insufficiency may be a critical factor involved in the pathogenesis of cardiovascular diseases, 13 allergic asthma 14 and inflammatory bowel disease. 15 VitD modulates cell functions via the VitD receptor (VDR). VDR-insufficiency is also involved in the pathogenesis of cardiac diseases. 16 VitD can suppress the activities of Toll-like receptors to prevent microbial stimulation-induced inflammation. 17 It is also found that VitD is capable of inducing anti-microbial molecules in the immune cells to inhibit inflammation by reducing the production of pro-inflammatory cytokines via modulating their gene transcription. 18 Yet, the effects of VitD on regulating immune inflammation in the heart remain to be further investigated. Based on the above-mentioned information, we hypothesize that the abnormality of VDR expression is associated with the pathogenesis of myocarditis. To test this, we analyzed the immune responses in the human heart samples of myocarditis. The results showed a Th2-biased inflammation in the samples of myocarditis with advanced heart failure, which was negatively correlated with the expression levels of VDR in CD4 þ T cells isolated from the heart samples. A study of a mouse model showed that spontaneous Th2-biased inflammation was detected in VDR -/-mice.
Methods

Reagents
The antibodies of IRF4, GATA3 and VDR were purchased from Santa Cruz Biotech (Santa Cruz, CA). The enzyme-linked immunosorbent assay (ELISA) kits of IL-4, IFN-c, IL-5, IL-13 and IL-2 were purchased from R&D System (Minneapolis, MN). The ELISA kits of specific IgG1 and myosin antibody were purchased from Yijie Biotech (Beijing, China). The fluorescent-labelled antibodies of CD3, CD4, CD44, CD69, IL-4 and IFN-c were purchased from BD Bioscience (Franklin Lakes, NJ). The reagents and materials for real-time quantitative RT-PCR (RT-qPCR) and western blotting were purchased from Invitrogen (Carlsbad, CA). The reagents for immunoprecipitation (IP) and chromatin IP (ChIP) were purchased from Sigma Aldrich (St. Louis., MO). The immune cell isolation kits were purchased from Miltenyi Biotech (San Diego, CA).
Patients
Patients with myocarditis and advanced heart failure were enrolled into this study. The patients had tried with routine medical treatment, which were less effective, and thus received the heart transplantation in our hospital. Their demographic data are presented in Table 1 . The determination of heart transplantation was made by both the patients and our surgeons following the routine procedures in Beijing Fuwai hospital that were also published by other investigators. 19 The treatment of the patients was carried out by surgeons at Fuwai Hospital. The human tissue used in the present study was approved by the Human Ethics Committee at Fuwai Hospital. A written informed consent was obtained from each human subject. The study was performed to conform the declaration of Helsinki.
Mice
VDR -/-mice and Rag2 -/-mice (8-10 week old) were purchased from the Jackson Laboratory (Bar Harbor, ME). The VDR -/-strain was produced through ablation of the second zinc finger of VDR DNA-binding domain. 7 The littermates, C57BL/6 mice (8-10 week old), were purchased from the Beijing Experimental Animal Center (Beijing, China). The mice were maintained in a specific pathogen free facility with accessing food and water freely. The experimental procedures were approved by the Animal Ethics Committee at Fuwai Hospital. The animal experiments were performed to conform the NIH guidelines (Guide for the care and use of laboratory animals) or the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. On the day of experiments, the mice were killed by cervical dislocation.
Heart histology
Heart tissue was collected from the surgically removed hearts or mouse hearts and fixed with formalin overnight. Paraffin sections were prepared and stained with hematoxylin and eosin. The sections were observed under a light microscope.
Isolation of mononuclear cells and Th0 cells from heart tissue
Heart tissue was cut into small pieces and incubated with collagenase IV (0.5 mg/ml) at 37 C for 2 h with mild agitation. The samples were filtered with a cell strainer (100 mm) first and repeated with another cell strainer (70 lm). The cells were collected by centrifugation and further treated with gradient density centrifugation with Percoll reagent. The total cell number was counted with an automated cell blood counter (Technicon System H*1; Bayer Diagnostics, Milan, Italy). Th0 cells (CD4 þ CD25 -CD62 þ ) were further isolated from the mononuclear cells by magnetic cell sorting (MACS) with a reagent kit following the manufacturer's instructions. The purity of the Th0 cells was greater than 98% as checked by flow cytometry.
Isolation of CD4 þ T cells from the spleen
The spleens were removed from mice after it killed. The spleen tissue was cut into small pieces (2 Â 2 Â 2 mm) and incubated at 37 C for 2 h in the presence of a collagenase IV (0.5 mg/ml) with mild agitation. The red blood cells were lysed with a lysing buffer. The remained cells were filtered through a cell strainer and centrifuged at 1000 rpm for 5 min.
The cell pellets were suspended in culture medium.
were isolated from the cell suspensions with reagent kits following the manufacturer's instructions. The purity of the isolated CD4 þ T cell was greater than 96% as checked by flow cytometry.
Cell culture
The isolated cells were cultured with RPMI1640 medium supplemented with fetal bovine serum (10%), penicillin (100 U/ml), streptomycin (0.1 mg/ml) and L-glutamine (2 mM). The medium was changed in 2-3 days. The cell viability was greater than 99% before using for further experiments as checked with the Trypan blue exclusion assay. The cells were analyzed with a flow cytometer (FACSCanto II, BD Bioscience). The results were analyzed with Flowjo. The data of the isotope IgG staining were used as a reference of gating.
Flow cytometry
RT-qPCR
The total RNA was extracted from cells collected from related experiments and reversely converted to cDNA with a reverse transcription kit following the manufacturer's instructions. The samples were amplified in a qPCR device with the SYBR Green Master Mix in the presence of relevant primers, including VDR (tatgacctgtgaaggctgca and atcatctcccgc ttcctctg) and GATA3 (cccttctccaagacgtccat and ctttctcatcttgcctggcc; mouse). The results were normalized into fold change against the internal controls, the housekeeping gene, b-actin.
Preparation of cytosolic extracts and nuclear extracts
Cells were collected from relevant experiments and incubated with a lysing buffer for 30 min. After centrifugation at 13 000 rpm for 15 min, the supernatant was collected to be used as the cytosolic extracts.
The pellet was re-suspended in a nuclear lysing buffer for 30 min and then centrifuged for 15 min at 13 000 rpm. The supernatant was collected to be used as the nuclear extracts. All the procedures were carried out at 4 C.
Western blotting
The total proteins were extracted from cells collected from relevant experiments, fractioned by SDS-PAGE, transferred onto a PVDF membrane. The membrane was blocked by incubating with a skim milk solution (5%) for 30 min, incubated with the primary antibodies of interest or isotope IgG at 4 C overnight, washed with the Tris-buffered saline-Tween 20 (TBST) three times, incubated with the peroxidase-conjugated second antibodies for 1 h at room temperature and washed three times with TBST. The membrane was developed with the enhanced chemiluminescence. The results were photographed with an imaging device.
ELISA
The serum was isolated from the collected blood samples and the culture supernatant was collected from related experiments. The cytokines of interest in the samples were determined by ELISA with reagent kits following the manufacturer's instructions.
Inflammatory scores
Following the published procedures, 20 the inflammation in the mouse heart was scored with a 0-4 system, in which 0 = no apparent inflammatory signs; 1 = 1-5 foci with mononuclear cell infiltration in a crosssectional area; 2 = more than 5 foci with mononuclear cell infiltration in a cross-sectional area; 3 = profound mononuclear inflammation involving over 20% of the area, without necrosis; and 4 = profound inflammation with necrosis. The section slides were coded. The observers were not aware of the code to avoid the observer bias.
Mouse electrocardiography
Mice were anesthetized with diazepam (10 mg/kg). The transducers were placed subcutaneously (DII derivation). The traces were recorded using an electrocardiography (ECG) device (The digital Power Lab 2/20 Systems; PanLab Instruments, Spain). The data were analyzed with the software of Scope for Windows; PanLab instruments).
IP
Nuclear extracts were prepared as described earlier. The samples were precleared by incubating with protein G agarose for 2 h and then centrifuged at 13 000 rpm for 5 min. The supernatant was collected and incubated with antibodies of interest or isotype IgG overnight. The immune complexes in the samples were precipitated by protein G agarose for 2 h. The agarose beads were collected by centrifugation. The immune complexes on the beads were eluted with an eluting buffer. The proteins in the samples were quantified by the BCA method and analyzed by western blotting. All the procedures were carried out at 4 C.
ChIP
Cells collected from relevant experiments were fixed with 1% formalin for 15 min, lysed with a lysing buffer and sonicated to shear the DNA into small pieces. The samples were treated with the IP procedures. The DNA was recovered from the samples and analyzed by qPCR with the primers of the Il4 promoter (agaccccagagtcagctttc and ttatcagcgtagggttgcca; -700 to -1). The results were presented as fold change against the input. The transplantation was repeated 1 week later. The mice were killed 1 week after the second transplantation. The Th2-biased inflammation in the heart was assessed as described earlier. 
Induction of the heart inflammation with VDR
À/À CD4 þ T cells CD4 þ T
VDR RNA interference
Il4 promoter luciferase reporter assay
The Il4 promoter luciferase reporter plasmids were provided by the Sangon Biotech (Shanghai, China) and transfected into EL4 cells (10 Â 10 6 EL4 cells per transfection) via electroporation using a Bio-Rad
Gene Pulser (Bio-Rad Laboratories, Inc., Berkeley, CA) set at 950 lF and 270 V. After culturing overnight, the transfected cells were stimulated with T cell activators (IL-2: 20 ng/ml; PMA: 50 ng/ml; ionomycin: 100 ng/ ml) for 4 h. Cells were then analyzed by luciferase reporter assay using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions. The Il4 promoter reporter activities were presented as fold change against the saline group. In addition, VDR-expressing plasmids (provided by the Sangon Biotech; Shanghai, China) were co-transfected into the EL4 cells via the procedures of electroporation.
Statistics
The difference between two groups was determined by Student's t-test or using one-way analysis of variance (ANOVA) in more than two groups. Bonferroni test was used as post hoc test after one-way ANOVA. P < 0.05 was set as a significant criterion.
Results
CD4
þ T cells in the heart tissue of patients with myocarditis and advanced heart failure showed low expression of VDR We collected 10 surgically removed human hearts with advanced heart failure following heart transplantation. The removed hearts showed enlarged left ventricle chambers. Myocardial hypertrophy was observed in some samples. No apparent pathological lesion was observed in coronary artery and the major branches (Tables 1 and 2 ). Profound Figure 1 Low expression of VDR in non-infectious myocarditis.
Heart samples were collected from the surgically removed hearts of 10 patients with heart transplantation and 5 subjects died of accident. (A) The representative heart tissue histology images (Â100) show profound mononuclear cell infiltration in the heart tissue of myocarditis. Figure 1A and B).
To get insight on the immunological feature of the myocarditis, we isolated mononuclear cells from the heart tissue obtained from the patients with myocarditis and five non-heart disease persons died of accident. The cells were analyzed by flow cytometry. The results showed higher frequency of Th2 cells and lower frequency of Th1 cells in the myocarditis group as compared to the normal group ( Figure 1C) . The Th1 cells had higher frequency of VDR positive cells and the Th2 cells have lower frequency of VDR positive cells ( Figure 1D) . ELISA data showed that the protein levels of IL-4 were higher, IFN-c were lower, in the myocarditis tissue ( Figure 1E and F) . The results demonstrate that the Th2-biased inflammation in the hearts with myocarditis and advanced heart failure.
Since VDR plays a critical role in the regulation of Th1/Th2 balance, 21, 22 we wondered if the expression of VDR was also disturbed in myocarditis. To this end, we purified CD4 þ T cells from the heart tissue and analyzed by RT-qPCR and western blotting. The results showed that the expression of VDR in CD4 þ T cells. The results showed that the expression of VDR was markedly lower in the myocarditis group than that in the normal group ( Figure 1G and H) . In addition, ELISA data showed that the anti-myosin antibody was detected in the myocarditis group, which was much lower in the normal group ( Figure 1I ).
VDR À/À mice show spontaneous myocarditis
The data of Figure 1 suggest that VDR-deficiency or insufficiency may be associated with myocarditis. To test this, we examined the heart histology of mice with the VDR gene knockout. The results showed profound inflammatory cell infiltration in the hearts of VDR -/-mice (Figure 2A-C) .
Flow cytometry analysis showed a high frequency of Th2 cells, but not Th1 cells, infiltration in heart tissue of VDR -/-mice ( Figure 2D-F) . Compared to the WT mice, VDR -/-mice showed a significant ventricular tachycardia and QRS-wave abnormalities ( Figure 2G ). The data demonstrate that the VDR -/-mice have spontaneous myocarditis.
Naïve CD4 þ T cells with VDRdeficiency or insufficiency are prone to differentiate into Th2 cells
The data of Figure 2 indicate Th2 inflammation in the heart of VDR -/-mice. The fact implies the VDR-deficiency results in biased Th2 response in the heart. To test this, CD4
þ T cells were isolated from the spleens of WT and VDR -/-mice or from the hearts of patients with myocarditis or died of accident. The cells were cultured in the presence of T cell activators (anti-CD3/CD28 Abs) for 3-6 days. As shown by CFSE-dilution assay, upon the stimulation of anti-CD3/CD28 Abs, much stronger proliferation was observed in the CD4 þ T cells of the VDR -/-group than that in the WT group; the CD4 þ T cells from myocarditis hearts showed more proliferating cells than those from normal heart tissue ( Figure 3A) . After culturing for 6 days in the presence of anti-CD3/CD28 Abs, the cells were analyzed by flow cytometry. The results showed that more IL-4 þ CD4 þ T cells and less IFN-c þ T cells were detected in the VDR -/-group and myocarditis hearts than those from the WT group and normal hearts ( Figure 3B ). To corroborate the results, naïve spleen CD4 þ T cells were isolated from WT mice. The cells were treated with VDR RNAi to knock down the VDR gene expression ( Figure 3C) . Indeed, the expression of IL-4 and Th2 cell development were markedly up-regulated by the VDR RNAi ( Figure 3A and B) . The IL-4 levels in the culture supernatant were also increased, the IFN-c levels were decreased, in VDR -/-CD4 þ T cells, the CD4 þ T cells isolated from the hearts with myocarditis and the CD4 þ T cells with VDR gene knockdown ( Figure 3D ).
VDR interacts with GATA3 to modulate IL-4 expression in CD4 þ T cells
The aforementioned data reported demonstrate that VDR restricts IL-4 expression and Th2 cell differentiation. The data imply that VDR may modulate the Il4 gene transcription. To test the inference, CD4
þ T cells were isolated from the hearts of WT/VDR -/-mice and the normal/myocarditis hearts. As shown by the data of IP assay, a complex of VDR and GATA3 was detected in the CD4 þ T cells from the WT mice and normal hearts ( Figure 4A ). It is noteworthy that the western blotting band size of GATA3 and VDR was almost equal, suggesting that the VDR and GATA3 in CD4 þ T cells may be equally expressed and completely binds to each other. The Il4 gene transcription activities, including GATA3, acH3, acH4 and RNA polymerase II, were detected at the Il4 promoter locus, which was significantly higher in the VDR -/-group and the myocarditis hearts than that in the WT and normal hearts ( Figure  4B) . The results suggest that the physical contact between VDR and GATA3 restricts the Il4 gene transcription. To corroborate the results, EL4 cells (it is known that EL4 cells are prone to produce IL-4) were transfected with an Il4 promoter luciferase reporter. After exposure to activators (anti-CD3/CD28) in the culture, high activities of the Il4 promoter were detected in the EL4 cells, which was abolished by knocking down the GATA3 gene, indicating the induced-Il4 promoter activities were mediated by GATA3. Further experiments showed that cotransfection of Il4 promoter reporter and VDR-expressing plasmids resulted in less Il4 promoter activities ( Figure 4C and D) . The results demonstrate that VDR can form complexes with GATA3 to restrict IL-4 transcription. In addition, the levels of IL-4 mRNA and protein were significantly higher in the CD4 þ T cells in the VDR -/-group and the myocarditis hearts than that in the WT and normal hearts ( Figure 4E and F) .
Together, the results demonstrate that VDR interacts with GATA3 to promote the expression of Il4 gene transcription in CD4 þ T cells in the hearts. 
Induction of Th2 inflammation in the hearts by adoptive transfer with VDR
The aforementioned data suggest that the VDR deficiency results in myocarditis-like inflammation. To corroborate the results, VDR -/-CD4 þ T cells were isolated from the spleens and adoptively transplanted into Rag2 -/-mice for two times with 1 week apart. The mice were killed 1 week after the second transplantation. As expected, Th2 inflammation was induced in the hearts of mice received VDR -/-CD4 þ T cell transplantation but not in those received WT CD4 þ T cells ( Figure 5 ).
3.6 Reconstitution of VDR expression inhibits the Th2-biased inflammation in the heart of VDR À/À mice
The aforementioned data demonstrate that the VDR-deficiency plays a critical role in the pathogenesis of the Th2-biased inflammation in the heart. The fact implies that reconstitution of VDR may attenuate the inflammation in the heart. To test this, VDR -/-mice were transplanted with WT CD4 þ T cells or VDR -/-CD4 þ T cells for two times with 1 week apart. The mice were killed 1 week after the second transplantation. As shown by the results of RT-qPCR and western blotting, the reconstitution of VDR in the heart CD4 þ T cell was successful ( Figure 6A ). The Th2-biased inflammation in the heart of the VDR -/-mice was markedly attenuated by the VDR reconstitution ( Figure 6B-G) .
Discussion
The pathogenesis of myocarditis is to be further investigated. The present study found a previously unknown phenomenon that the Th2-biased inflammation and low expression of VDR were observed in the heart tissue of patients with myocarditis and advanced heart failure. Mice with VDR-deficiency showed spontaneous myocarditis that was characterized as the Th2-biased inflammation. Naïve CD4 þ T cells from VDR -/- A large body of published data shows Th1 type inflammation in myocarditis; many of the patients have the signs of viral infection. 23, 24 Th2-biased inflammation was also observed in myocarditis in murine models. 7 Our data show that the Th2-biased inflammation in human with myocarditis at the advanced heart failure. A previous case report is in line with our observation that using a Th2 cytokine inhibitor ameliorated myocarditis in a patient. 8 Others also found that the Th1 polarization was dominant in the acute stage of myocarditis, while in the recovery stage, the Th2 response was dominant. 25 Our data reveal another aspect of the immune response in myocarditis. In the myocarditis at the end stage of heart failure, the Th2-biased inflammation is dominant. The results of serum anti-myosin antibody assessment support this point, in which high levels of anti-myosin antibody were found in those patients with myocarditis accompanied with the Th2-biased inflammation in the heart.
On the other hand, the results showed that the expression of VDR in CD4 þ T cells was markedly lower in the patients with myocarditis of the Th2-biased inflammation as compared with normal hearts. The results suggest that the VDR may restrict the Th2 lineage differentiation or/and restrict the Th2-biased inflammation in the heart. Based on the factor that VDR mediates the effects of vitamin D to regulate the cell activities and vitamin D up regulates the expression of VDR, 26 the inference is in line with the clinical observation on Th2-biased inflammation. For example, vitamin D-deficiency or insufficiency is a risk factor in the development of food allergy 27 and is associated with the allergic asthma exacerbation. 28 Using vitamin D supplements can alleviate the clinical symptoms of asthma. 29 The present study has provided the experimental evidence that, without the presence of VDR, the naïve CD4 þ T cells are prone to differentiate into Th2 cells, which forms the basis of the Th2-biased inflammation. Reconstitution of VDR in CD4 þ T cells in the VDR -/-mice markedly inhibited the Th2-biased inflammation in the heart.
Yet, in reviewing literature, a previous publication showed heart histology images of VDR-deficient mice. Besides showing the hypertrophy of the cardio muscles, the images did not show much infiltration of inflammatory cells in the heart, while our data showed profound infiltration of mononuclear cells in the heart tissue. The difference between our data may be because the VDR-deficient mice we used in the experiments were obtained from different sources. The activities of the gene transcription factors, such as GATA3, are essential for the Th2 cell differentiation. 30 The present study observed a novel phenomenon in the Th2 differentiation that VDR formed a complex with GATA3 in CD4 þ T cells of normal human hearts and WT mouse hearts to prevent the GATA3 from binding the Il4 gene promoter to prevent the Il4 gene transcription and thus to restrict the Th2 cell differentiation. On the contrary, without the presence of VDR, significantly higher binding of GATA3 as well as the gene transcription activities were observed in the Il4 promoter, which contributes to the Th2 cell differentiation and the Th2-biased inflammation in the heart. This can be an explanation for why shorting of the vitamin D signal results in Th2-biased inflammation. 31 The results suggest that up-regulation of the VDR signal may have the therapeutic potential for myocarditis; our data support this point, which also needs to be further investigated before it can be employed in the clinic. In summary, the data show that the VDR-deficiency contributes to myocarditis, which is characterized by the Th2-biased inflammation in the heart. Reconstitution of VDR in CD4 þ T cells attenuates the Th2-biased inflammation in the heart. The data indicate that up-regulation of VDR has a therapeutic potential for the treatment of myocarditis.
